This study aimed to determine how antibiotic-driven intestinal dysbiosis impairs the development and differentiation of the digestive tract and immune organs of host animals. BALB/C neonatal mice were orally administered ceftriaxone or vancomycin from postnatal day 1 to day 21 and sacrificed on day 21. The diversity and abundance of the intestinal bacteria, morphological changes and barrier function of intestinal tract, and the splenic CD4 + CD25 + Foxp3 + T cells were investigated.
INTRODUCTION
It is well known that the intestinal tract is the primary site of digestion and absorption in the human body; it also serves as the largest immune tissue (Mason et al. 2008) . Distinct from other tissues and organs, the intestinal tract also contains the body's largest microbial community, the intestinal microbiota, which comprises a 10-fold greater number of cells than the total number of cells comprising the human body (Collado et al. 2012; Hollister, Gao and Versalovic 2014) . The maturation of the intestinal tract and immune system is age dependent; therefore, both are poorly developed in neonates. It is a general belief that the intestinal tract is sterile in the uterus and bacteria began to colonize the intestinal tract immediately after birth. As the infant begins to take solid food, its intestinal flora transforms into a stable pattern of an adult by the age of 1 year (Mitsuoka 1990) . Many studies have shown that the intestinal flora plays a crucial role in driving the key aspects of postnatal intestinal development mainly by polysaccharide degradation (Bry et al. 1996) , antimicrobial protein expression (Hooper et al. 2003) , mucosal barrier formation (Turner 2009; Yoda et al. 2014; Viggiano et al. 2015) , and intestinal tissue angiogenesis (Stappenbeck, Hooper and Gordon 2002) . Germ-free animal studies have provided clear evidence that commensal bacteria serve as a powerful force in the development of the gut innate and adaptive immune systems (Martin et al. 2010) .
Antibiotics are used to protect against infection by killing various pathogenic microbes. However, it is also well known that antibiotics can damage commensal microbes in the gut, qualitatively and quantitatively, consequently greatly decreasing the diversity of the intestinal microbiota usually called as dysbiosis (Ferrer et al. 2016) . Recent studies have indicated that dysbiosis in the human intestine may be intimately associated with many non-infective choric and multifactorial diseases, including obesity, inflammatory bowel disease, allergy, autism and even cancer (Harata et al. 2016; Thaiss et al. 2016) . However, few studies have investigated the mechanism underlying how various antibiotics influence early intestinal development and immune system function, or have compared the changes to the intestinal microbiota in response to various antibiotics (Ianiro, Tilg and Gasbarrini 2016) .
Therefore, the aim of this study was to assess the effects of vancomycin-or ceftriaxone-induced intestinal dysbiosis on the development of the intestinal tract and immune system in neonatal BALB/C mice by means of cellular and molecular biological and histopathological techniques.
MATERIALS AND METHODS

Mice
In total, six pregnant BALB/C mice at gestational day 13 were purchased from the Institute of Laboratory Animals of Sichuan Academy of Medical Sciences & Sichuan Provincial People's Hospital (Sichuan, P. R. China) and housed in a specific pathogenfree facility in individually ventilated plastic cages at an ambient temperature of 23 ± 1
• C and humidity of 50%-70% under a 12-h light/dark cycle with free access to water and food. Immediately after birth, a total of 29 neonatal mice from six different pregnant BALB/C mice were randomly divided into three groups: a control group (n = 10), a ceftriaxone group (n = 8) and a vancomycin group (n = 11). All experimental procedures were performed in accordance with the Guidelines for Animal Experiments at West China School of Public Health, Sichuan University (Sichuan, P. R. China).
Antibiotic treatment
Mice were treated with ceftriaxone or vancomycin (Aladdin Biochemical Technology, Shanghai, P. R. China) dissolved in saline at a 5-fold dosage of that for humans at 100 mg/kg (ceftriaxone group) or 50 mg/kg (vancomycin group) once per day for 21 days. Mice were orally gavaged with 24-gauge feeding needles attached to a 1-ml syringe (Instech Laboratories, Inc. Militia Hill Road, PA, USA) at 10 μL of the dilution from postnatal day 0 to 7, 50 μL from postnatal day 7 to 14 and 100 μL from postnatal day 14 to 21. Ceftriaxone, a third-generation cephalosporin, is an antibiotic that targets most Gram-negative and positive bacteria, and vancomycin, an antibiotic that mainly targets Gram-positive bacteria and is poorly absorbed by the host intestinal tract when given orally (Rao et al. 2011) , were chosen because of their broad antibacterial spectrums, few side effects and prevalence in clinic practice.
Real-time polymerase chain reaction standard curve of Escherichia coli
A standard strain of Escherichia coli (E. coli) (8099) was inoculated onto trypticase soy agar (Land Bridge Technology, Beijing, P. R. China) and incubated under aerobic conditions at 37
• C for 24
h. The plated bacteria were collected in sterile saline to prepare a bacterial suspension and a 10-fold serial dilution. Bacterial counts were performed using a surface coating cloth. Total DNA was extracted using the TIANamp Stool DNA Kit (Tiangen Science and Technology, Beijing, P. R. China) in strict accordance with the manufacturer's instructions. E. coli genomic DNA was used as the standard to absolutely quantitate bacterial abundance. Real-time polymerase chain reaction (PCR) amplification of DNA was performed with the 16S rRNA V6-V8 universal bacterial primers (Sangon Biotech Co. Ltd, Shanghai, P. R. China): U968-f-5 -AAC GCG AAG AAC CTT AC-3 and L1401-r-5 -CGG TGT GTA CAA GAC CC-3 (Biasucci et al. 2008) . Real-time PCR was performed using SYBR Premix Ex Taq II polymerase (Takara, Dalian, P. R. China) with a CFX96 system (Bio-Rad Laboratories, Hercules, CA, USA) at an annealing temperature of 58
• C. According to the bacterial count results and the cycle threshold values obtained from Bio-Rad CFX Manager (version 1.6.541.1028; Bio-Rad Laboratories,), a standard growth curve of E. coli was constructed.
Bacterial quantitation by real-time PCR
The mice were sacrificed at the age of 21 days and fresh fecal pellets and cecal contents (200 mg) were immediately collected under sterile conditions and weighed. Then, total bacterial genomic DNA was extracted and amplified by real-time PCR as described above.
Microbial community analysis by PCR-denaturing gradient gel electrophoresis fingerprinting
PCR-denaturing gradient gel electrophoresis (DGGE) fingerprinting was performed according to the method described by Miao et al. (2015) with some modifications and the primers described above, but with a 40-bp 'GC' clip added to the end of U968-f-5 (5 -CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG GAA CGC GAA GAA CCT TAC-3 ). PCR amplification was performed with 2 × Taq Master Mix (CoWin Biotech, Beijing, P. R. China) and run on a C1000 Touch system (BioRad Laboratories). A touchdown amplification process was performed as follows: 94
• C for 5 min, followed by 10 cycles of gra- (Fromin et al. 2002) .
Identification of DGGE target bands
The target bands were excised, washed twice and soaked in 10 μL of sterile distilled water at 4
• C overnight. A total of 4 μL of leachate was used as a template for PCR and amplified with the universal bacterial primers U968-f and L1401-r. Amplified samples were cloned and sequenced (Sangon Biotech Co. Ltd.) after verification by 2.0% agarose gel electrophoresis. To determine the closest relatives of the partial 16S rDNA sequences, the GenBank 16S rRNA (bacteria and archaea) database was searched using the BLAST algorithm (https://blast.ncbi.nlm.nih.gov/ Blast.cgi).
Histopathological analysis
The whole intestines were collected from all mice, fixed in 10% phosphate-buffered formalin for 3 days and routinely stained with hematoxylin and eosin (H&E). Optical microscopic images were inspected by a pathologist blinded to the experimental design. The intestinal tissue injury was described and the depths of at least 300 villi or crypts in the intestinal segments (including the duodenum, jejunum, ileum and colon) were measured for each mouse with no less than 50 fields.
Immunohistochemical analysis
Paraffin-embedded slides were cut into 1 μm widths, deparaffinized in xylene and rehydrated with graded ethanol. Tissues were incubated with 3% H 2 O 2 (Sangon Biotech Co. Ltd.) for 10 min. Antigen retrieval was performed by heating the tissue slides in antigen retrieval buffer (citrate buffer, pH 6.0) with high pressure. The slides were incubated with primary antibodies at 37
• C for 1 h. The primary antibodies applied for staining and their respective dilutions were as follows: rabbit-polyclonal antimouse Ki67 antibody, rabbit-polyclonal anti-mouse Muc2 (1:500 dilution; Abcam, Cambridge, MA, USA); and rabbit-polyclonal anti-tight junction protein ZO-1(1:200 dilution; Boster Biological Technology, Pleasanton, CA, USA). The slides were then permeated with a horseradish peroxidase-conjugated secondary antibody (GeneTech, Shanghai, P. R. China) for 1 h at room temperature, washed with phosphate-buffered saline for three times, stained with the DAB + substrate chromogen system (GeneTech)
for 1-5 min, and then counterstained with hematoxylin. The numbers of positive cells of each intestinal segment were measured with no less than 50 fields.
Flow cytometry
Spleen tissues were collected and cells were isolated as previously described (Atarashi et al. 2013) 
RESULTS
Body weights of mice
The mice were developed well and in a good mental state with no diarrhea or any other diseases during the entire experimental period. The body weights of the mice in all three groups increased continuously for 21 days after birth with no significant difference in body weights between the three groups on postnatal days 0, 7, 14 and 21(P > 0.05; Fig. 1a ).
Fecal and cecal bacterial contents
The standard curve of E. coli was used to calculate the respective bacterial concentration in the feces and cecal contents of the tested mice (Supplemental Information, Fig. S1 ). The bacterial concentrations of the feces and cecal contents were both significantly lower in the ceftriaxone group than in the control group (P < 0.01), similar to the bacterial concentration of the cecal contents from the vancomycin and control groups (P < 0.05). However, there was no significant difference in the amount of fecal bacteria between the vancomycin and control groups (P > 0.05). Inversely, the bacterial concentration of feces was significantly higher in the vancomycin group than the ceftriaxone group (P < 0.01) (Fig. 1b) .
Diversity and cluster analysis of fecal and cecal bacteria based on PCR-DGGE fingerprinting patterns
In the control group, a large number of bands were found in the lanes of fecal and cecal samples with basically the same distribution patterns. After antibiotic treatment, a unique band (#7) of the fecal samples appeared on the PCR-DGGE gel. Bands 16, 17 and 18 were specific to the cecal samples. Bands 9 to 15 of the control group disappeared after antibiotic administration, and bands 3-5 were distinctly faded in the ceftriaxone group, but had no apparent changes in the vancomycin group. Bands 1, 2, 3, 4, 5, 6, 8 and 17 became dominant in the fecal samples from the vancomycin group, while bands 1, 2, 3, 4, 5, 8, 17 and 18 were dominant in the cecal samples. Bands 2, 6 and 7 became dominant in the fecal samples of the ceftriaxone group, while bands 1, 2, 8 and 16 became dominant in the cecal samples (Fig. 1c) . As shown in Table 1 , Firmicutes and Bacteroides species were the most abundant intestinal flora in the control group. However, in the vancomycin group, the abundance of Bacteroides, Proteobacteria and Firmicutes species decreased, while Lactobacillus and Pseudomonas species, which belong to phylum Firmicutes, remained the dominant species. In addition, a new strain of Proteobacteria, Ochrobactrum intermedium, appeared in the ceftriaxone group. The abundance of Bacteroides, Proteobacteria and Firmicutes species was lower in the ceftriaxone group than in the vancomycin group, and the dominant bacteria shifted to members of the phylum Firmicutes. In comparison to the control group, the diversity index of the intestinal flora of mice treated with antibiotics showed a lower species richness index S, Shannon-Wiener index H and evenness index E (Table 2 ). Cluster analysis revealed that three groups of samples from feces and cecal contents were respectively clustered into their own group, with a similarity index of 0.62 for the control group, 0.37 for the ceftriaxone group and 0.65 for the vancomycin group, while the control and vancomycin groups were clustered with a similarity index of 0.50. Moreover, there seemed to be two clusters with similarity index of 0.30: #3 and #6 of the ceftriaxone group belonged to cluster 1, while # 1 and # 4 of the control group, and #2 and #5 of the vancomycin group belonged to cluster 2 (Fig. 1d) .
Histopathological analysis of intestinal tissue injury
As indicated by H&E staining of the intestinal tissues, villi of ileum and crypts of colon of the control group were neat and compact, while those of the antibiotic treatment groups were loose and messy with some that were necrotized and detached (Fig. 2a) . The villus depth of the antibiotic treatment groups was significantly lower than that of the control group (P < 0.01 and P < 0.05, Fig. 2b ). The crypt depth of the ceftriaxone group was significantly more shallow than that of the control group (P < 0.01), but was not significantly different from that of the vancomycin group (P > 0.05, Fig. 2c) .
Furthermore, the number of Ki67-positive cells in each intestinal segment of the antibiotic treatment groups was significantly lower than that of the control group (P < 0.01). In the duodenum, jejunum and colon of the vancomycin group, the number of Ki67-positive cells was higher than that in the corresponding segments of the ceftriaxone group (P < 0.01), but lower in the ileum (P < 0.01) (Fig. 3a) . In the duodenum and jejunum, the number of Muc2-positive cells in the vancomycin group was lower than that in the control group, but more in the ileum and colon (P < 0.01, Fig. 3b) . Obviously, the number of ZO-1-positive cells in the antibiotic treatment groups was significantly lower than that of the control group in the four intestine segments (P < 0.01), and comparing with the vancomycin group, positive cells was higher in the colon of the ceftriaxone group, but lower in other intestine segments (P < 0.01) (Fig. 3c) .
Differentiation of immune organs and
The thymus organ index of the vancomycin group was lower than that of the control group (P < 0.01). Although there was no significant difference between the ceftriaxone and control groups (P > 0.05), the thymus organ index of the ceftriaxone group was higher than that of the vancomycin group (P < 0.05, Fig. 4b) . Moreover, the spleen organ index of both antibiotic treatment groups was significantly lower than that of the control group (P < 0.01, Fig. 4b ). Flow cytometry of the relative number of CD4 + CD25 + Foxp3 + T cells in the spleen of mice showed that the cells were clustered and the percentage of CD25 + Foxp3 + T cells of CD4 + T cells was significantly lower in the ceftriaxone group than the control group (P < 0.05), but there was no significant difference between the vancomycin and control groups (P > 0.05, Fig. 4c ).
DISCUSSION
There were no significant differences in weight loss, the incidence of diarrhea, condition of feces and clinical anatomic examination results after intervention between mice treated with or without antibiotics. These results suggest that the oral antibiotic administration conducted in this study did not significantly directly damage or negatively influence growth of the tested mice. However, the predominant intestinal microbes (Bacteroides, Proteobacteria and Firmicutes) and total microbiota diversity were significantly decreased in the fecal samples collected from the mice orally treated with vancomycin or ceftriaxone. These results indicate that antibiotics, such as vancomycin and ceftriaxone, might change the makeup of intestinal microbes of the host animal, even before antibiotics can cause apparent side effects, which was in agreement with the findings of many previous studies Tan et al. 2011; Hansen et al. 2012; Li et al. 2013; Hwang et al. 2015; Luo et al. 2016) . In this study, ceftriaxone was found to alter the makeup of the intestinal microbiota to a greater extent than vancomycin. For example, Lactobacillus murinus still existed and became the dominant species in the intestinal flora after vancomycin treatment, indicating that L. murinus was resistant to vancomycin to a certain degree, as reported elsewhere (Russell et al. 2012) . These results indicate that antibiotic administration can (a-c) These determined the number of Ki67-, Muc2-and Zo-1-positive cells of every field in the mice treated with antibiotics or saline in duodenum, jejunum, ileum and colon. However, the tissues of the ceftriaxone group were easily slipped off the slides in the staining process of Muc2, so there was no suitable slide made successfully. Therefore, only the data of the control and vancomycin groups were obtained. Black bar: control group; light gray bar: vancomycin group; dark gray bar: ceftriaxone group. The asterisk on the bar without any other symbol represented the statistical differences between control group and vancomycin or ceftriaxone group, and the asterisk with a symbol represented the statistical differences between vancomycin and ceftriaxone group. * : P < 0.05, * * : P < 0.01.
characteristically alter the makeup of intestinal microbiota of the host animal, which was dependent on the specific spectrum and other properties of each antibiotic. Therefore, damage to the intestinal microbiota should be analyzed for each antibiotic.
Intestinal epithelial cells (IECs) form a biochemical and physical barrier to maintain segregation of luminal microbial communities from the mucosal immune system (Peterson and Artis 2014) . The maturation of IECs is first dependent on the maturity of cellular structures. In this study, mice treated with ceftriaxone or vancomycin showed severe injury to the intestinal mucosa, which was characterized by abnormal villi and crypts in the ileum and colon. Furthermore, ceftriaxone damaged the intestinal mucosa to a greater degree than vancomycin did. These results confirmed the findings of previous studies in which antibiotic administration can impair the crypt-villus axis by inhibiting migration of IECs as well as compromising intestinal barrier function (Park et al. 2016) .
The proliferation of IECs is considered crucial to maintain intestinal epithelium homeostasis because of the short life span of IECs (Cheng and Leblond 1974) . The proliferation and differentiation of IECs can be measured by the proportions of cells positive for Ki67 and Muc2, respectively. The Ki67 protein is a Black bar: control group; light gray bar: vancomycin group; dark gray bar: ceftriaxone group. Black bar: control group; light gray bar: vancomycin group; dark gray bar: ceftriaxone group. The asterisk on the bar without any other symbol represented the statistical differences between control group and vancomycin or ceftriaxone group, and the asterisk with a symbol represented the statistical differences between vancomycin and ceftriaxone group. * : P < 0.05, * * : P < 0.01. cellular marker strictly associated with cell proliferation (Scholzen and Gerdes 2000) . Muc2 secreted by goblet cells has been suggested as the main component of the intestinal mucin layer (Hansson and Johansson 2008) . Muc2-knockout mice or those with aberrant mucin glycosylation spectrums showed bacterial overgrowth and either developed spontaneous colitis or were more susceptible to colitis induced by chemicals, which could be ameliorated by treatment with antibiotics (An et al. 2007; Fu et al. 2011; Petersson et al. 2011) . A deficiency in Muc2 production leads to impaired intestinal mucosa function and greater susceptibility to intestinal infection (Van Klinken et al. 1995) . In this study, the abundance of Ki67-positive cells decreased significantly in all intestinal segments of the tested mice orally fed with antibiotics. Furthermore, the abundance of Muc2-positive cells also decreased in the duodenum and jejunum, although the number of these cells was increased in the ileum and colon after oral administration of the tested antibiotics. These results indicate that antibiotics can damage the intestinal epithelium of neonates, which is characterized by a decrease in Ki67-and Muc2-positive cells, at least partly, before the onset of clinical symptoms, such as diarrhea and local inflammation, is observed.
Tight junctions between IECs are major components of the intestinal mucosal barrier, and ZO-1 is the main tight junction protein (Salerno-Goncalves Fasano and Sztein 2011). Previous studies have demonstrated that ZO-1 plays a functional role in interacting with the transmembrane protein occludin (Fanning et al. 1998; Van Itallie et al. 2009 ). It was reported that in parenteral organs, bacterial translocation increased, ZO-1 protein expression decreased and the levels of endotoxin in the blood circulation increased after short-term colistin administration (Wang et al. 2014) . In this study, the number of ZO-1-positive cells decreased after antibiotic treatment, which implied weakening of the interactions between occludin and ZO-1, and the perturbation of tight junctions after long-term antibiotic treatment.
It has been well demonstrated that gut commensal microbes play key roles in the proliferation and/or remodeling of IECs (Hooper 2004; Yoda et al. 2014) . Among these intestinal microbes, Gram-positive microbes are considered to be protective of IECs proliferation and differentiation (Park et al. 2016) . In this study, oral antibiotic administration decreased the abundance of fecal microbes belonging to the phylum Firmicutes, which was accompanied with other predominate intestinal microbes. Many recent studies have demonstrated that intestinal microbes can affect the function of the tight junctions between IECs by secreting specific functional proteins to protect IECs from apoptosis and damage.
Treg cells are derived from IL-10-and TGF-β-stimulated naïve T cells, a type of T cell with important immunomodulatory effects associated with a variety of autoimmune and Th2-type allergic diseases (Taylor et al. 2004) . The normal intestinal microbiota is necessary to promote the development and functional maturation of the local and systemic innate and adapted immune responses of the host (Hill and Artis 2010) . For example, the colons of mice treated with vancomycin had fewer Foxp3+ Treg cells (Russell et al. 2012) , although vancomycin did not change the proportion of Foxp3 + Treg cells in the spleens of neonate and adult mice (Hansen et al. 2012) . In this study, oral administration of ceftriaxone significantly reduced the relative number of CD4 + CD25 + Foxp3 + T cells in the spleen, while there was no significant changes in relative number of CD4 + CD25 + Foxp3 + T cells in the spleen of the tested neonate mice treated with vancomycin, in agreement with the findings of previous study (Hansen et al. 2012) . To the best of our knowledge, this study is the first to provide evidence that ceftriaxone reduced the abundance of Treg cells in the spleen. The results of this study showed that ceftriaxone can alter the intestinal microbiota to a greater extent than vancomycin, and the impact of antibiotic administration on host immunity may be deeply associated with the potent ability of each antibiotic to affect the intestinal commensal microbial community. Therefore, each antibiotic can influence the immune response of the host animal by changing the makeup of the intestinal microbiota. Many recent studies suggested that short-chain fatty acids from intestinal microbes might play important roles in the host immune response, such as cytokine production and modification of immune cell function (Schirmer et al. 2016) . For example, Clostridium species (clusters XIVa, IV and XVIII) were confirmed to work as effective triggers of Treg cells by induction of IL-10 and TGF-β in the intestine (Nagano, Itoh and Honda 2012) . Therefore, further studies should be conducted to further analyze changes to the intestinal microbiota caused by various antibiotics and the related underlying mechanisms by which alterations to the abundance of intestinal microbes affect the immune responses of host animals.
